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Abstract 

A phenomenological model is proposed for the analysis of the properties of the 
Kaonic Nuclear Cluster (KNC) K~pp (or ^.H) in its ground state. Inside the KNC 
pH we describe the relative motion of the protons in the pp pair and the motion of 
the A - —meson relative to the pp pair in terms of wave functions of 3-dimensional 
harmonic oscillators. The interaction strength is parameterised in our model by the 
frequency of the longitudinal oscillation of the K~ - meson relative to the pp pair. 

This parameter was determined with the binding energy and width of the strange 
baryon A(1405) by assuming that it is a bound state of the K~p pair. In terms of this 
interaction strength we calculate the binding energy £2 H = — 118 MeV, the partial 
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widths of non-pionic decay channels and the total width, pior C = 58 MeV. 

This agrees well with the experimental data by the FINUDA Collaboration (PRL 94 , 
212303 (2005)): efb = — 115lf MeV and C* p) = (67±^)MeV. The discrepancy 
with the results, obtained by Akaishi and Yamazaki within the potential model 
approach, is discussed. 
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1 Introduction 


In this paper we propose a phenomenological model for the description of the most simple 
Kaonic Nuclear Cluster (KNC) K~pp , which we denote H pQ. For the first time the 
KNC p -.H has been investigated by Akaishi and Yamazaki [lj within a non-relativistic 
Potential Model approach [T], They have predicted the following parameters of the KNC 
4 H: 1) the binding energy ei H = — 48MeV, 2) the width p^on-pion. ^ !2MeV of the 

non pionic two-body decays ^H —> NY, where NY = pA°,pE° and nE + and 3) the 
total width T 2 H = 60MeV by including the open pionic channels pj,[2]. 

Recently the FINUDA Collaboration has reported [3] results of the analysis of the 
pA° - correlations from K~ - mesons stopped in light nuclear targets. They have been 
interpreted as the formation of the bound K~pp system with a binding energy of about 
115 MeV and a total width of about 70MeV. 

The main aim of this paper is to formulate a phenomenological model for the KNC 
4 H enabling to explain the experimental data by the FINUDA Collaboration [3]. For 
this we use the phenomenological approach for the description of kaonic atoms and strong 
low-energy KN and KNN interactions, which has been recently developed in [3], 

The paper is organised as follows. In Section 2, following the analysis of the energy 
level shift and width of the ground state of kaonic deuterium [3] , we adduce the general 
formulas for the binding energy and the width of the KNC p -.H. In Section 3 we propose 
a phenomenological model for the calculation of the wave functions of the KNC with 
the pp pair in the 1 So state. We draw an analogy with a symmetrical linear triatomic 
molecule. This allows to describe in terms of oscillator wave functions in the momentum 
representation the relative motion of the protons in the pp pair and the motion of K~ 
meson relative to the pp pair inside the KNC 2 K H. In our model the interaction strength 
is parameterised using the frequency u of the longitudinal oscillation of the K~ meson 
relative to the pp pair inside the KNC |,H. In terms of c o we define the binding energy and 
the partial widths of non-pionic decays of the KNC 7 H. In Section 4 we fix u = 64 MeV in 
terms of the binding energy and width of the strange baryon A(1405) [5]. We assume that 
1) the strange baryon A(1405) is a bound state of the K~p pair described by an oscillator 
wave function and 2) the linear restoring force has the same stiffness as in the KNC ^-.H. 
In Section 5 we calculate the binding energy of the KNC ^-.H: 62 H = —118 MeV. In 
Sections 6 we calculate the partial widths of the non-pionic decay channels ^-.H —> pA°, 
4 H —*• pE° and H — * nY, + and the total width T 2 H = 58 MeV. These values are in 
agreement with the experimental data by the FINUDA Collaboration [3]. We predict 
that the dominant decay channel of KNC ^-.H is |.H —> pA°, whereas the decay channel 
—> pE° is suppressed as I p \o : J pS o = 17 : 1, where I p \o and / p s° are the intensities of 
the invariant - mass spectra of the pA° and the pYf pairs. In the Conclusion we discuss 
the obtained results. In the Discussion we show that the binding energy and the width 
of the KNC |.H depends on the structure of the K~pp system. We calculate the binding 
energy and the width following the structure of the KNC )-,H = (. K~p) I=0 0 p, induced 
due to the A(1405) 0 p doorway dominance proposed by Akaishi and Yamazaki [ 6 ]. We 
show that our oscillator model describes the KNC 4 H with the structure ( K~p)j =0 0 p 
in quantitative agreement with the results, obtained by Akaishi and Yamazaki within the 
potential model approach Pi- In Appendix A we represent the detailed expressions 
for the binding energy and the width of the KNC CH in terms of the wave functions 
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of the KNC 4 H and the S-wave amplitude of elastic K~pp scattering. In Appendix B 
we adduce the effective chiral Lagrangian invariant under non-linear transformations of 
chiral SU( 3) x SU( 3) symmetry with derivatives meson-baryon couplings. In Appendix 
C we calculate the pseudoscalar meson propagators weighted with the wave function of 
the KNC |.H. These results are applied to the calculation of the partial widths of the 
KNC |.H. 


2 Definition of the binding energy and width of the 


i- H 


In our analysis of the KNC |.H we propose to describe the binding energy e^ H and the 
width Ih H of the KNC by analogy with the energy level shift and width of the ground 
state of kaonic deuterium 0]. In this case 62 H and T 2 H can be defined in terms of the 

M K K 

S-wave amplitude M(K~pp —> K~pp) of elastic K~pp scattering with the pp pair in the 
1 So state weighted with the wave functions of the KNC ^-.H. This gives 

r 2_ h f 

/ dr H M(K pp —> K pp )<&2 H , (2.1) 

K Z J K K 


where <I >2 H is the wave function of the KNC ^-.H in the momentum representation and dr 
is the phase volume element of the interacting particles. 

The width T 2 H is the sum of the non-pionic two-body decays K~pp —> NY, where 
NY = pA 0 ,pY,° and nY, + , and pionic three-body decays K~pp —> NY 71, where NY n = 
YjNtt and A 0 Nti. It is given by 


r | H = E r (l H -* NY ) + E r (l H NYv )- 

NY NYtt 


( 2 . 2 ) 


The formulas ( 12.111 and ( 12 . 21 ) are presented in detail in Appendix A. 


3 Model for the Kaonic Nuclear Cluster ^.H 

The calculation of the S-wave amplitude M(K~pp —> K~pp) is carried out below by 
using Effective Chiral Lagrangians (see Appendix B). For the description of the wave 
function $2 H we use an analogy between a symmetrical linear triatomic molecule and ^-.H 
shown in F^ig. 1 . 

A symmetrical linear triatomic molecule ^H as system of coupled harmonic oscillators 
should possess one transverse vibrational mode, depicted in Fig. la, and two longitudinal 
modes, depicted in Fig. lb and Fig. lc. The frequencies of these modes are defined by [7] 



where /i = ZmKm^/{mK + 2 uin) = 391 MeV is the reduced mass of the KNC |.H, 
calculated for rrix = 494 MeV and m v = = 940 MeV, and Pn = mx/2 is the reduced 
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Figure 1: The Kaonic Nuclear Cluster 2 r .H in the ground state. 


mass of the pp pair, and k± and k\\ are the stiffnesses for linear restoring forces acting 
on the transverse and longitudinal degrees of freedom of the symmetrical linear triatomic 
molecule |.H. 

The frequencies (13.11) define independent degrees of freedom of the K~pp system. We 
identify the frequency y with the relative motion of the protons in the pp pair inside the 
KNC |.H. Such a motion can be described by the wave function & PP (Q ) [Sj: 


(4tt ) 3/4 , Q'‘ A (&r) s/4 ( Q* ^ 

" w) = ypwi “p (- yyjy) = cx p { - 


(3.2) 


The wave function (I3.2[) is spherical symmetric, hence, corresponding to a spherical sym¬ 
metric 3 - dimensional harmonic oscillator. The contribution of these degrees of freedom 
to the binding energy of the KNC |.H is equal to 3 O y/2. 

The frequencies w± and uj\\ we identify with the degrees of freedom of a motion of the 
kaon with a reduced mass ju. This motion one can describe by the wave function & K - PP (q) 
0: 


®k- pp (q ) 


(4tt) 3 / 4 

||^ J _) 1/4 




(3.3) 


This is a wave function of a 3 - dimensional asymmetric harmonic oscillator. The con¬ 
tribution of these degrees of freedom to the binding energy of the KNC H amounts 
to (uq| + 2u±)/2. The wave functions & PP (Q) and $k- pp (<i) are normalised to unity. 
Summing up the contributions, the binding energy of the KNC )-,H is defined by 


— (7q + - (3f2|| + 2u;_|_+u;| 


(3.4) 
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where Uq is a depth of the potential well, providing a harmonic motion of the constituents 
of the KNC |.H. 

We assume that the stiffnesses for the longitudinal and transverse motion of the vi¬ 
brational modes of the KNC 2 -.H are equal k\\ = k± = k and the frequencies 0| and u;_l 
depend on u> = y/2 k/p only. This means that the interaction is assumed to be isotropic 
in the nuclear molecule. The averaged values of the squared momenta of the motion of 
the Ii~ - meson relative to the pp pair and the relative motion of the protons in the pp 
pair in the KNC 2 -.H are equal to ql = (q 2 + q\) = (1 + 2y/2) pu/2 = 748.5a;MeV 2 

and Ql = ( Q 2 ) = ?>u y/JJmfj/ = 321.5 a; MeV 2 , respectively. The momenta q 0 and Q 0 

characterise also the spatial extension of the cluster 7 H. 

4 Determination of the interaction strength u 

In order to fix the interaction strength parameter u we have to investigate a system 
simpler than the KNC 2 -.H, the mass and width of which are well measured and which can 
be treated as a quasi-bound state. One of the most obvious candidates for the simplest 
KNC is the strange baryon A(1405) with mass mA(i 4 os) = 1406 ± 4 MeV and the width 
TA(i 405 ) = 50 ± 2 MeV [5]. According to Akaishi and Yamazaki [T|, the strange baryon 
A(1405) can be treated as a bound state of the K~p pair or |-.H with isospin 1 = 0. The 
binding energy of the KNC is equal to ei_ H = mi H — m K — mN = — 28 MeV, where 
we have set m^ H — 1406 MeV [5]. The width of equal to Ti_ h = 50 MeV is defined by 
the 0 H —> 7 rS pionic decay channels only. 

The assumption that the strange baryon A(1405) can be treated as the KNC j..H does 
not contradict the results of the analysis of this state within the combination of Chiral 
Perturbation Theory (ChPT) (TUJ with non-perturbative coupled-channels techniques 
mm (see also [9]). In such an approach the strange baryon A(1405) has been generated 
“dynamically as an I = 0 KN quasi-bound state and as a resonance in the ttT, channel” 

El- 

Assuming that the relative motion of the K~p pair is defined by a linear restoring force 
with the stiffness equal to the stiffness in the KNC 2 --H, we can write the wave function 
of the KNC l-.H in the momentum representation: 



where the frequency is related to u as = uy/p,/2p. The binding energy and the width 
of the KNC f H are defined by 

-^ + ' Vj r = ^r P IS w*i #) mK ~ p), =° " (R '- p) ’= o) (42) 

where M(K~p) I=0 —> (. K~p ) I=0 ) is the S-wave amplitude of elastic K~p scattering in 
the state with isospin 1 = 0. 

We calculate the S-wave amplitudes of K~p and K~pp scattering within Chiral La- 
grangian approach with the non-linear realization of chiral SU (3) x SU (3) symmetry pT3] 
(see Appendix B) to leading order in the large Nc expansion, where Nc is the number 
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of quark colour degrees of freedom in multi-colour QCD [13], accepted for the analysis of 
meson-baryon interactions within ChPT [XD]— [IS! - Since in the multi-colour QCD masses 
of ground baryons are proportional to Nc for Nq —> oo [T3] , the large Nq expansion corre¬ 
sponds to the heavy-baryon limit, accepted in ChPT for the analysis of baryon exchanges 

m-m ( see a i s ° 1. 17] -[i 9 ]). 

The use of the large Nc expansion allows to reduce the number of Feynman diagrams, 
contributing to the amplitudes of K~p and K~pp scattering, and to represent the final 
expression in terms of effective local Lagrangians. The former is important for the analysis 
of interactions of baryon pairs in the states with a certain angular momentum. 

To leading order in the large Nc expansion the real part of the S-wave ampli¬ 
tude M(K~p)i = o —> (K~p)i= o) is defined by the Weinberg-Tomozawa term [20] [26]. 
The result, which can be obtained by the chiral Lagrangian £pppp(x) (see Appendix B 
Eq.(B.9)), is 


- (K-p ))„„) = MF p = 

^ 7r 


(4.3) 


where F n = 92.4 MeV is the PCAC constant [5]. 

Since in the large Nc expansion for Nc — > oo the baryon mass and the PCAC 
constant F n behave as m^ = 0(N C ) and F n = 0(^N C ) [T3]-[T6]. the contribution of 
the Weinberg-Tomozawa term is of order 0(1). The widths of resonances are of order 
0(1/Nc) [EH]- As a result the coupling constant < 7 a°( 1405 ) of the A 0 (1405) resonance with 
the 7rE and KN pairs is of order gA°(i 405 ) = 0(1/Nc) 5]- Hence, for N c —■ > oo the con¬ 
tribution of the A 0 (1405) resonance to the amplitude K~p scattering is of order 0(1/Nc) 
0: KelfiJ 4051 = -g\ 0(lAOb) Am K m N /pl = 0(1/N C ), where p 0 = y/3pQ/2 = 150MeV. 
Hence, to leading order in the large Nc expansion the contribution of the Weinberg- 
Tomozawa term dominates. 

This dominance retains also for Nc = 3. Indeed the contribution of the A 0 (1405) 
resonance, relative to the Weinberg-Tomozawa term, is equal to [27] 


Tie I< { p 1405) 


M™ t 

K p 


2 

3 rax 


(y/s ~ 'mAO(1405))5 , io( 1405 ) 

(%>(!«) - Vi) 2 + 


= 0 . 12 , 


(4.4) 


where y/s = 1470 MeV is the energy of the K~p pair with a relative momentum p 0 = 
3/7V2/2 = 150 MeV and ^a°(i 405 ) = H’ defined for Pa°(i 405 ) — 53 MeV (see Eq. f|4.6|l ). 

When vector mesons are included the effective chiral Lagrangian, responsible for the 
Weinberg-Tomozawa term, can be obtained in the one-vector-meson exchange approxi¬ 
mation. In the non-linear realization of chiral SU(2 ) x SU(2 ) symmetry this has been 
shown by Weinberg [22]. For the non-linear realization of chiral SU( 3) x SU (3) symmetry 
this can be shown by using the results of the analysis of the vector meson interactions 
within ChPT carried out by Ecker et al. [28]. Using [28f one can show that relative to 
the Weinberg-Tomozawa term the contributions of multi-vector-meson exchanges are of 
next-to-leading order in the large Nc and chiral expansion. 

The binding energy of the KNC l.H is given by 


_ 3 1 
“ e ^H - 4 


d 3 q 

(2vr) 3 


(<?) 


3 1 /w / pp\ 3 / 2 

4F|wVT7 ’ 


(4.5) 
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Figure 2: The Feynman diagrams giving in the tree-approximation the main contribution 
to the S-wave amplitude of the reaction K~pp —> K~pp to leading order in the large Nq 
and chiral expansion. 


where we have used the relation Vt = LU^/p/2p. In our approach the width of the KNC 
k H is related to the binding energy as 


ri 

K 


3 mKiriN 
47T m K + Tfl jy + €l 

K 


H 


^En 

If 


eih). 


(4.6) 


where = 180 MeV is a relative momentum of the E-zr pair. Setting u = 64 MeV we 
get the binding energy ei H = — 32 MeV or the mass of the bound state mi H = 1402 MeV 
and Ti H = 53 MeV, which agree well with the mass and width of the A°(1405) resonance, 
obtained by Dalitz and Deloff as the position of the pole on sheet II of the 15-plane 
E* — i T/2 with E* = 1404.9 MeV and T = 53.1 MeV [29] . 

Since the K~p pair couples in the isospin-singlet state, in order to understand how 
well our approximation describes the K~p scattering we can calculate the cross section 
for the reaction K~p —> E 0 7t°. We get a(K~p E°7r°) = (38 ± 5) mb. This result agrees 
well with a(K~p —> E 0 7t°) = (30±4) mb obtained in |4|. We would like to accentuate that 
the amplitude of the reaction K~p —> E°7r° together with the amplitudes of the reactions 
K~p —> and K~p —> A°7r°, calculated in [_4], describe well the experimental data on 

the energy level width of the ground state of kaonic hydrogen by the DEAR Collaboration 
(see |3j and references therein). 


5 Binding energy of the ground state of KNC ^ H 

According to relation (12. ip . the binding energy of the KNC |.H is defined by the real part 
of the S-wave amplitude M(K~pp —> K~pp ) of elastic K~pp scattering weighted with 
the wave functions of the KNC ^-.H (see (A.l)). 

To leading order in the large Nq and chiral expansion the S-wave amplitude of elas¬ 
tic K~pp scattering is defined by the contribution of the Weinberg -Tomozawa term and 
Feynman diagrams, depicted in Fig. 2. These diagrams are defined by the chiral La- 
grangian Cppbb (see Appendix B). The result of the calculation of the diagrams in Fig. 2 
can be represented by the effective local Lagrangian m 

M(K~ (pp)iso -* K~(PP) >s 0 ) = -2 (C'k-^' ) ) ^")[%7 5 1‘p][“ c p7 5 “p], (5-1) 

The spinorial wave functions of the pp pairs in the initial and the final state are described 
by [up^Up] [u c P 7 5 Mp], respectively, where = Cvf and u c p = UpC are charge conjugate 
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Figure 3: The Feynman diagrams giving in the tree-approximation the main corrections 
to the S-wave amplitude of the reaction K~pp —> K~pp defined by the diagrams in 
Fig. 2, calculated to leading order in the large Nq and chiral expansion. 


K (pp) is 0 . 


Dirac bispinors. The effective coupling constant (C K -^ i °) is weighted with the wave 


functions of the KNC j>H. It is equal to 


K 


. K-(pp) ls _ m 
\ K-(pp) 1So > pi 


m 


K 


Q 


(5.2) 


I< (pp)ig K (pp) i g 

The correction {oC K _^ °) to the effective coupling constant °) is defined by 

the diagrams in Fig. 3. This correction is of the next-to-leading order in the large Nc 
expansion and chiral expansion. Hence, we can drop it. For Nq = 3 the effective coupling 

K~ (pp)ig 

constant \^C K _^ i °), calculated with the chiral Lagrangians in Appendix B, is equal to 


/sc K (kp ^ 1s °\ 

\ dL 'K-(pp) 1So ) 
K~(pp) i So 

\ U K-(pp) i So / 


9a 

"/3 — 2oid 

4 

Lv V3 

9a 

’ / 3 — 2 oi o' 

16 

A vA . 


rn K 


2m n + rriK 


+ (2 a D - l) 2 


1 2 


m 


I< 


= -0.08. (5.3) 


(2 m N + m K ) 2 

Hence the correction to the effective coupling constant (C K -^ j^ 0 ) makes up 8% only. 

The contribution to the K~pp scattering, defined by the effective coupling constant 
K~(pp) i s 

(C K _, . °), is of the next-to-leading order in the large Nc and chiral expansion with 

respect to the Weinberg-Tomozawa term. Since we keep only the leading order contri¬ 
butions, so the contribution of the diagrams in Fig. 2 can be omitted. For Nc = 3 one 
can show that the contribution to the binding energy of the KNC ^-.H of the diagrams in 
Fig. 2 makes up about 5%. Thus, the binding energy of the KNC ^-.H is defined by the 
Weinberg-Tomozawa term only 

d 3 q 


— 62 H 
K 


1 


(2tt; 


3 &K-pp 


-ppid ) 



2 p' 
7T 3 ~Fl 


CU\3/2 

-) = 118 MeV, 

p) 


(5.4) 


where we have set the uj = 64 MeV and used the momentum integrals over the momenta 
q and Q 


d 3 q 

W. 


3 &I< pp 


~pp( < l ) — 


2/A; 3 \ 1 / 4 


7T° 


d 3 Q _ 

(27r) 3 ® pp 


(Q) = 


m^fU 3 

87T 3 


1/4 / a \ 

\2 mjv/ 


3/8 


(5.5) 
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Figure 4: The Feynman diagrams giving in the tree-approximation the main contribution 
to the amplitude of the reaction K~pp —> pA° to leading order in the large Nc and chiral 
expansion. 


The integrals over the momenta q and Q one needs also for the calculation of the partial 
widths of the KNC |.H decays. 

We can calculate the contribution of the two-nucleon absorption channels K~pp —> 
NY. Using the results obtained in Section 6 and in [4] one can show that the contribution 
of the two-nucleon absorption channels K~pp —> NY is about 1.5% of the Weinberg- 
Tomozawa term. 


6 Width of the ground state of KNC 


6.1 Decay ^.H —> pA° 

The amplitude of the reaction K~pp —> pA° is defined by the Feynman diagrams in Fig. 4. 
This gives 

M(K~pp -»■ pA°) = i A pA l pp {[u A o(k A o, a A o)^u p (k u +^)][u p (k p , a p )u p (k 2 , ~)\ 

~[u A o(k A o, cr A o) 7 5 Up(fc 2 , -^)][u p (kp, cr p )u p (k 1 , +^)]} + i A p ^l pp {[u A o(k A o, (J A o)u p (fci, + ^)] 

[u p {k p ,a p )rfu p (k 2 ,-)P)\ - [u A o(k A o, a A o)u p (k 2 , ~^)}[u p (k p , a^Up^, +^)]}. (6.1) 

Taking into account that the pp pair is in the state, due to Fierz transformation the 
amplitude (16.11) can be transcribed into the more compact form 


M(K pp^pA°)= iC^ pp [u A o(k AO) a A o)u c p {k p) a p )} [u c p (k 2 , ~)'y 5 u p (k 1 ,+^)}, (6.2) 

where C pA ° pp = {~A p f_ pp - B pA l pp )/2. The effective coupling constants A p f_ pp and B pA ° pp 
are calculated with the chiral Lagrangians in Appendix B and weighted with the wave 
function of the KNC 11. They are equal to 


K- 

K pp 


B pA ° 

K pp 


— QtvNN 


SttNN- 


3 — 2a d mx /a'(<^) 
v^3 F% 2 q 0 k 0 
V3 nix 


= 2.0 x 10~ 6 MeV 


-3 


4 FI L2g 0 fco 


A(a;) +(3-4 a D ) fv{u) 


2q 0 k 0 l 


= 2.0 x 10' 6 MeV 


r-3 


(6.3) 


where g n NN = Pa'^n/F^ = 13.3 is the ttNN coupling constant (30) Mj, the func¬ 
tions /^-(a;), f-n{u) and f v (uj) are defined in Appendix C. This gives C pA _ pp = —2.0 x 


10 6 MeV 


-3 
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Figure 5: The Feynman diagrams giving in the tree-approximation the main corrections 
to the effective coupling constant C^ A pp of the transition K~pp —> pA° to leading order 
in the large Nc and chiral expansion. 
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A 0 p - 
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V A 0 , E° 


i 7T°,h + 
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The partial width of the decay —> pA° (see (A.2)) amounts to 

i \cf-JK 


r&H - p a") = 


tv m K ( 2 m N + m K + 62 _ b ) J (27r) 3 


d 3 q 2 


d 3 0 -> 2 

V %p(Q) -(6.4) 


(2tt) 


The integrals over the wave functions are calculated in (15.51) . This gives 


r(|H -> pA°) 


pA 0 2 m^V 9 / 4 fcgu; 3 

k~pp 2 7 / 4 7 t V 2 m n + rriK + £2 H 

K 


34 MeV. 


(6.5) 


In the tree-approximation the correction 5C^ A pp to the effective coupling constant C^ A pp 
is given by the diagrams in Fig. 5. It is of next-to-leading order in the large Nc and 
chiral expansion. For Nc = 3 it amounts to 


sc pA° = 3 - 2 a D m 2 K g 3 NN r/ 3 - 2 a D \ 
K ~ pp 4a/3 m 2 N 2m N + m K l\ y/3 ) 

cud 3 2 otD 3 4 old m K 9nNN /»?( < ^’) 

y/3 2^3 y/3 m 2 N 2m N + m K 4g 0 ^o 

= 0.04 x 10 -6 MeV -3 . 


2 + (2a D - l) 2 


4 q 0 k 0 


otp 2ag - 1 m|- gl NN f w (u) 

a/3 2 m 2 N 2m N + rn K 4g 0 fco 


( 6 . 6 ) 


This makes up 2 % of the contribution given by the Feynman diagrams in Fig. 4. 

The partial widths of the /H —> pE° and /H —> nE + decays can be calculated in the 
analogous way. 


6.2 Total width of non — pionic decay channels 

The result of the calculation of the partial widths of the / H —» pE° and / H — * nE + 
decays is 


r(|-H -> pE°) = 2 MeV , F(|H -»■ nE+) = 22 MeV. (6.7) 

The effective coupling constants of the transitions K~pp —> pE° and K~pp —> nE + 
amount to 


C% s ° pp = -0.6 x 10 -6 MeV“ 3 , Cf- pp = -2.3 x 10" 6 MeV" 3 . (6.8) 
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These coupling constants we use for the calculation of the two-nucleon absorption con¬ 
tribution to the binding energy of the KNC 7.H. 

The total width of the non-pionic decay channels 7 H —*• NY with NY = pA °, pY° 
and nS + , is equal to 

r (non-pion.) = r( ^ H NY ) = 58 MeV. (6.9) 

K NY 


This agrees well with the experimental data by the FINUDA Collaboration T^^ = 

(67l^(stat)^3(syst)) MeV |3]. 

Using (16.5p and (16.71) we can calculate the ratio 


£(|h-+M°) i pA o 

T(|.H ^ P Y°) J pS 0 


( 6 . 10 ) 


where I p \o and I p y,o are intensities of the spectral lines in the invariant - mass spectra of 
the pA° and pY° pairs, respectively. Thus, this implies a negligible small contribution of 
the 7 H —> pY° —> pA °7 decay to the invariant-mass spectrum of the pA° pair. 


7 Conclusion 

We have proposed a phenomenological model for the KNC 7.H, the binding energy and 
the width of which agree well with the experimental data by the FINUDA Collaboration. 
The binding energy and the width of the KNC 7 h have been calculated in the form of 
momentum integrals of the real and imaginary parts of the S-wave amplitude of elastic 
K~pp scattering weighted with the wave function of the KNC 7 H taking into account the 
main part of correlations of the constituents. We have assumed that the KNC 7.H is the 
bound K~pp system, where the iW-meson is bound by the pp pair in the 1 So state. For 
the analysis of the KNC 7 H we have used the oscillator wave functions, describing the 
motion of the bound iW-meson relative to the pp pair in the 1 So state and the relative 
motion of the protons in the pp pair. The frequencies of oscillations are defined in terms 
of the frequency u = 64 MeV, which we have fixed using the experimental data on the 
mass and width of the strange baryon A(1405). We have assumed that the A(1405) is 
the KNC )-.H. Our assumption to treat the strange baryon A(1405) as a bound K~p 
isoscalar state with a width, caused by the ( K~p) I=0 —> i rS decays, does not contradict 
the analysis of this state in the coupled-channels techniques dma, where the A(1405) 
has been obtained as the K~p quasi-bound state with isospin 1 = 0 and the resonance in 
the 7 rS channels. 

The calculation of the real and imaginary parts of the S-wave amplitude of elastic 
K~pp scattering we have carried out within the chiral Lagrangian approach with the 
non-linear realization of chiral SU(3) x SU(3) symmetry and derivative meson-baryon 
couplings, describing strong low-energy interactions of ground baryon state octet and 
octet of pseudoscalar mesons. The amplitudes are calculated in the tree-approximation 
and to leading order in the large Nc and chiral expansion, allowing to simplify the set of 
Feynman diagrams contributing to the amplitudes of the reactions under consideration. 

For the binding energy and the width of non-pionic decay channels we have obtained 
62 H = —118 MeV and p( n ° n "P lon -) — 58 MeV, respectively. They agree well with the 

if jfU 
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experimental data by the FINUDA Collaboration [3]: = (— 115jlf) MeV and = 

( 67 ^^(stat)^ 3 (syst)) MeV. Since for the binding energy e^ H = —118 MeV the pionic 
decay channels 7 H —> NT,tt are suppressed kinematically and the decay channels 7 H —> 
N A°7t can be suppressed dynamically due to a possible dominance of the intermediate 
(. K~p) I=0 state pQ , the total width of non-pionic decay channels should be equal to the 
total width of the KNC 7 H in the ground state T 2 H = 58 MeV. For all that the dominant 
decay channel is 7 H —> pA°, whereas the decay channel |.H —> pS° is strongly suppressed. 

We would like to emphasise that the KNC 7 H is a dense system |T]. The density of 
the KNC 7 H at the center of mass frame we define as 

™|h(0) = 2\^ K - pp (0)\ 2 = 7 = 0.26fm~ 3 , (7.1) 

where 4/ft'-pp(0) is the wave function of the A' _ -meson oscillation relative to the pp pair 
in the coordinate representation. It is seen that the density of the KNC H is by a factor 
of 2 larger than the normal nuclear density no = 0.14 frn -3 . However, in our approach 
the influence of the dense nuclear matter [32] on the dynamics and the parameters of the 
constituents of the KNC 7 H is not taken into account. We are planning to carry out such 
an analysis in our further investigations using, for example, the technique developed in 

m- 

We have analysed the contribution of the Coulomb interaction to the binding energy 
of the KNC 7 r. We have obtained tfelpU 11 = —1.35 MeV. This means that the Coulomb 

ja R n 

interaction does not destabilise the K~pp system. 

8 Discussion: Akaishi—Yamazaki KNC K~pp in our 
approach 

We have proposed an oscillator model of the KNC K~pp , which describes well the experi¬ 
mental data by the FINUDA Collaboration [3j. Nevertheless, at first glimpse there is still 
a problem concerning the origin of the discrepancy between the results obtained within 
our description of the KNC K~pp and the potential model approach for the KNC K~pp , 
proposed by Akaishi and Yamazaki pp. Indeed, the binding energies 62 _ H = —118MeV 
and 62 H = —48 MeV of the KNC K~pp , obtained in our oscillator model and the potential 
model approach by Akaishi and Yamazaki [lj, differ by a factor 2.5. 

In this section we clarify this problem and show that a disagreement with the results 
obtained by Akaishi and Yamazaki for the KNC K~pp is caused by different structures 
of the KNC K~pp in the Akaishi-Yamazaki approach and in our model. Indeed, in our 
model the KNC K~pp is the bound state K~{pp) ig 0 of the iW-meson relative to the pp 
pair in the 1 So state, whereas, according to Akaishi and Yamazaki [D IS], the formation of 
the KNC K~pp goes through the resonance A(1405) (or A* [T], 6]), having the structure 
(K~p) I= o P, which couples to the proton producing the KNC K pp with the structure 
(K-p) I=o 0p. 

Below we show that the KNC K~pp with the structure (K~p)i =o 0 p can be fairly 
described in our oscillator model. 
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8.1 Wave function of the KNC (K p)j = o<S>p 

In our model the wave function of the KNC (K~p)i =o ®p should be equal to 


$( K-ph 


-» ( 47T \ a / 4 f 

(lQ) = l ( 


3/4 


47T 


\ 3/4 


' PKp- - K-p ' ' P(Kp)p ^(Kp)p' 

r2 Q 2 


x exp I — 


q- 


2/J( Kp)p ^(Kp)p ^pKp^Kp 


( 8 . 1 ) 


The frequencies Vl Kp — Q, — 49.7MeV (see Eq. fj4.ljl ) and Sl{K P )p — p/2 P(k p ) p = 

37.6 MeV, where P(k p ) p = { m K + m p) r ^ P l(jfi-K + 2 m p ) = 568 MeV is the reduced mass 
of the ( Kp)p system, describe the motion of the K “-meson relative to the proton in the 
(. K~p ) I=0 pair and the (. K~p ) J=0 pair relative to the proton, respectively. 

Following our approach, the calculation of the binding energy and partial widths of the 
KNC (K~p) 7 =0 ®p we carry out using the chiral Lagrangian with chiral 577(3) x 577(3) 
symmetry and derivative meson-baryon couplings [T3j [10] (see Appendix B), the large 
n c eh nu and chiral expansion [ID]. 


8.2 Binding energy of the KNC (K p)i = Q<S>p 

The binding energy of the KNC K~pp = (K~p)j = o ® p is defined by the Weinberg- 
Tomozawa term of ( K~p)i=op scattering. This gives 

_ 3 1/ fi Kp^Kp \ 1 1 / P(Kp)pQ(Kp)p\3/^ 

- e (K-p) I=0 ®P - 4^7 E, ~ ) + 2 F% V n ) 

= (32 + 33) MeV = 65 MeV. (8.2) 

We would like to emphasize that Akaishi and Yamazaki normalised the parameters of 
the KNC K~pp on the width of the A* hyperon equal to Ta* = 40 MeV. In our model 
this gives u = 53 MeV. In this case the binding energy of the KNC (. K~p)j =0 (g> p is 
e {K-p) I=0 ®p = — 49 MeV and agrees well with £(k- p ) i=0 ®p = — 48 MeV by Akaishi and 
Yamazaki mm- 

For the binding energy t(K-p) I=0 ®p = — 65 MeV as well as €(k- p ) i= 0 < g>p = — 49 MeV 
kinematically allowed both non-pionic decay modes (K~p)i= o <8>p —> NY, where NY = 
pA°,pS° and n£ + , and pionic decay modes ( K~p)i=o <8> p —■> NYtt. The decay modes 
( K~p)i = q ®p — > NA°tt are suppressed by the Akaishi-Yamazaki selection rules mm- 


8.3 Non—pionic decay modes of the KNC {K p)i=o<g>p 

The calculation of the partial widths of the non-pionic modes runs parallel to that we 
have carried out in Section 6. This gives T'^- p ) / _ o0p = 19 MeV and = 7 MeV 

for u; = 64 MeV and rj£°_ p)/=o0p = 11 MeV and T”|! p) ^ o0p = 4 MeV for u; = 53 MeV. 
The contribution of the ( K~p)i=op —> pE° decay mode is negligible small. Thus, the total 
partial width of non-pionic decay modes is equal to 

r non—pionic = f 26 MeV , UJ = 64 MeV , , 

L {K-p) I= o®p | 14 MeV , a; = 53 MeV ' 1 j 


13 











p 


V 


K~ 



P 



Figure 6: The Feynman diagrams giving in the tree-approximation the main contribution 
to amplitude of the reactions (. K~p) I=0 ®p —> pHir to leading order in the large N c and 
chiral expansion. 


The width of non-pionic decays rj'/c-pA-oVp = 14MeV agrees well with the estimate 
r“T“ m 12MeV obtained by Akaishi and Yamazaki [Tj. 

(K p)i=o®p J L 1 

8.4 Pionic decay modes of the KNC (K~p)i=o <g> p 

For the binding energy €k- pp = —65 MeV, calculated for the width of the A* resonance 
Ta* = 53 MeV, as well as e K - pp = —49 MeV, calculated for Ta* = 40 MeV, the pionic 
decay modes ( K~p ) p=0 ® p —s ► NYn are opened kinematically. Taking into account the 
Akaishi-Yamazaki selection rule mini, the allowed decay modes are (K p) r=0 — > pH ti 
and ( K~p)j =0 ® p —> nHn. 

Since due to the A* doorway dominance [6], the main contribution comes from the 
decay modes (. K~p) I=0 ®p^ pYtt, we calculate below only the partial widths of these 
decay modes. Feynman diagrams of the reactions (K~p)j = o ® p —> pHn are depicted in 
Fig. 6. 

For the calculation of the amplitudes of the reactions (. K~p)i =0 (g) p —► pHir we use 
the chiral Lagrangian with chiral SU(3) x SU( 3) symmetry and derivative meson-baryon 
couplings (see Appendix B). The coupling constants of the interaction of the A* resonance 
with the ground baryon state octet and octet of pseudoscalar mesons have been calculated 
in [3j. The partial width of the decay modes (K~p) I=0 ®p —> pH 7r, defined by the diagrams 
in Fig. 6, is equal to T (^- p ) / _ o0p = 18 MeV and ^ P ^- p}l _ Q ^ p = 27 MeV for the frequencies 
oj = 64 MeV and oj = 53 MeV, respectively, where we have summed up over the decay 
modes ( K~p)j =0 ® p —> pH + 7T~, ( K~p)j =0 ® p —> pH~7T + and ( K~p)i=o ® p —>■ pS°7r°. 


8.5 Width of the KNC (K p)i = o<S>p 

Summing up the contributions of the non-pionic and pionic decay modes we get the value 
of the total width of the KNC with the structure (K~p)i= 0 proposed by Akaishi and 

Yamazaki Pi- The result is 

f (44 ±8) MeV , u; = 64MeV 

(k p)l=om 1 ( 41 ± 8 ) MeV , a ; = 53 MeV' 1 j 


The value of the total width F(A:-p) J=0 ®p ~ 44 MeV is in qualitative agreement with that 
r/ K-p) I=0 ®p — 60 MeV, predicted by Akaishi and Yamazaki within the potential model 
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approach. Such an agreement can be made better taking into account the contributions 
of the decay modes (. K~p) I=0 —► nS tt. 

8.6 Summary 

The obtained results show that there is no discrepancy between our approach and the 
potential model approach developed by Akaishi and Yamazaki Pi- Our model de¬ 
scribes well both the experimental data by the FINUDA Collaboration for the KNC 
K~pp with the structure K~(pp)is 0 and the Akaishi-Yamazaki K~pp system with the 
structure ( K~p)j =0 ®p being the consequence of the A* doorway dominance assumed by 
Yamazaki and Akaishi [6] for the formation of the KNC K~pp [1]. 

However, unlike the potential model approach by Akaishi and Yamazaki [T], which 
fails with the calculation of the partial widths of non-pionic decay modes, our model, 
where the amplitudes of elastic and inelastic of K~pp scattering are calculated using 
the chiral Lagrangian with derivative meson-baryon couplings invariant under non-linear 
realisation of chiral SU{ 3) x SU(3) symmetry, admits the calculation of the partial widths 
of both non-pionic and pionic decay modes. 
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Appendix A: The binding energy and the width of the 
KNC \Yi. The general formulas 


In our analysis of the KNC 1H we propose to describe the binding energy 62 H and the 
width T 2 _ h of the KNC |>H by analogy to the energy level shift and width of the ground 
state of kaonic deuterium HI. I 11 this case 62 H and T 2 H can be dehned in terms of the 

L J R n R n 

S-wave amplitude M(K~pp —> K~pp ) of elastic K~pp scattering with the pp pair in the 
1 Sq state weighted with the wave functions of the KNC |,H. We get 


— 62 jj + i 


2 11 

K U 


d 3 k d 3 I< [ d 3 q d 3 Q 


®K-Jk)% P (K)<S> K - pp (q)% P (Q) 


J (2vr) 3 (2vr) 3 J (2vr) 3 (2vr) 3 ^ 2 E Ar (fc)2E p (fc 1 )2E p (fc 2 )2^(g)2E p (gi)2E p (g 2 ) 
x ^ M< y K ~(d)p(di^i)p(d2,(^2) -*• K~(k)p(ki,cr 1 )p(k 2 ,<T2)), (A-l) 

(ffi^dSo) 


where <&K-pp{k) is the wave function of a motion of the K~ -meson relative to the pp 
pair, and & PP (K ) is the wave function of the relative motion of the protons in the pp 
pair. Then, q and k are relative momenta of the K~ - meson and the pp pair in the initial 
and the final states of the K~pp system, Q and K are relative momenta of the protons 
in the pp pair in the initial and the final state of the K~pp system, q\ = Q — q/2 and 
<72 = — Q — q/2, are momenta of the protons in the initial state, whereas k\ = K — k/2 
and k 2 = — K — k/2 are momenta of the protons in the final state. 

The binding energy 62 H and the width T 2 H are dehned by the real and imaginary parts 
of the S-wave amplitude M(K~pp —> K~pp ), respectively. The width r^ H is caused by 
the two-body decays K~pp —> NY, where NY = pA°,pY,° and nE + , and three-body 
decays K~pp — * NY-rr, where NY n = NY-rr and NA°tt: 


= E r S- H - NY ) + E r S' H - NY *) 


167T 2 


NY 


E 

NY ' 


NYn 


d 3 k\r d 3 k 


Y 


En^n) E y (ky) 


+ ky — 2m n — mx — e^ H ) 


x 


d 3 q d 3 Q $>K-pp(q)$pp(Q) 


1 


(2vr) 3 (2vr) 3 ^/2E K (q)2E p {q x )2E p (q 2 
d 3 kx d 3 k Y d 3 k. 


M(K~pp -»• NY) 


256vr 5 


E 

NY w' 


En^n) Ey {ky) E n (k n ) 


S^\kN + ky + k n — 2mjv — THk — 62 h) 


X 


d 3 q d 3 Q ^ K - pp (q)^pp(Q) 


(2?r) 3 (27r) 3 ^2E K (q)2E p (q 1 )2E p (q 2 ^ 
where we have denoted 


M(K~pp NY it) 


(A-2) 


d 3 q d 3 Q § K - pp (q)$ pp (Q) 


(2tt) 3 (27r) 3 s j2E K (q)2E p {q l )2E p {q 2 \ 


: M(K~pp -> NY) 
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and 


£ £ £ £ 

(Ji=d=l/2 <T2=dzl/2 ai=d=l/2 0 . 2 = d=l/2 


d 3 q d 3 Q $ K - pp (q)$ pp (Q) 


(2vr) 3 (2vr)3 v /2E K (g)2E p (g 1 )2E p (g 2 ) 


x M(K (q )p(qi, cxi)p(<f 2 , 02 ) -»■ iV(A:jv, «i)F(/cr, a 2 )) 


(A-3) 


d 3 g d 3 Q $a:-pp(?)$j>p(<3) 


! (2tt) 3 (2tt) 3 ^2£*(g)2£ p (gi)2£ p (g 2 

1 ^ ~v ^ ~v ^ ~v ^ ~v I* d 3 q d 3 Q 


cri==bl/2 (J 2 =dzl /2 a:i=ibl/2 0 . 2 = d=l/2 


M(K~pp -> NYn) = 

4 * K-pp(.Q )®pp(Q ) 


(2vr) 3 (2vr) 3 v /2E Ar (g)2E p (gi)2E p (g 2 ) 


xM(/i (g )p(gi, ai)p(g 2 , 02 ) -»• iV(fcjv, «i)£(fcy, a 2 )vr(/c 7r )) 


(A-4) 


We apply these formulas to the calculation of the binding energy and the partial widths 
of the KNC |.H, caused by non-pionic decay channels |.H —> AW. 


Appendix B: Chiral Lagrangian for ground baryons 
coupled to pseudoscalar mesons within non-linear re¬ 
alization of chiral SU( 3) x SU( 3) symmetry 


For the calculation of amplitudes of elastic and inelastic K~pp scattering we use the chiral 
Lagrangian for the ground baryon state octet, coupled to the pseudoscalar meson octet 
within the non-linear realization of chiral SU(3) x SU( 3) symmetry. According to Lee 
ra. such a Lagrangian takes the form 

C int [B(x),P(x)) = tr{B(x)i^[s p ,(x),B(x)]} 

~9a( 1 - a D ) tr{B(x)^\p p (x), B(x)]} - g A a D tr{B(x)^{p p (x), B(x)}} : (B-l) 


where the traces are calculated over £77(3) indices, g A = 1.270 and op = D/(D + F) = 
0.635 [5]. The Lagrangian (IB- If) is also used in ChPT for the description of strong low- 
energy interactions of ground baryons with pseudoscalar mesons [TO] , 

The fields of the octets of the ground baryons B(x) and B{x) are defined by 


b: = 


b': = 


( £° A° 
\/2 + \/6 
£+ 


V p 

( £° A° 

+ Vq 


XT 

£° A° 

V? + Vq 

n 


£+ 

£° A° 
^0 


\ 


4 a °/ 

Vg 


p 


n 


\ 


4 a ° 

Vg ) 


(B-2) 
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where Bf = E , B'f — £+ and so on. The fields s^(x) and p ' M are dehned by [13] 

Sp(x) = ^ (U\x)dJJ(x) + U(x)d l _ l U\x)), 

Pu,(x) = 7 (U\x)d li U(x) - U(x)du,U\x)). (B-3) 

Here U(x) is a 3 x 3 matrix given by 

U ^ x ) =e V2i 1 b P{x)/F n ( B . 4 ) 


where F n = 92.4 MeV is the PCAC constant of pseudoscalar mesons and P(x) is the octet 
of pseudoscalar mesons 


r>a 

r b 


t 


\ 


7r 

7! 

+A 

V6 

7T + 

7T° 7/ 

K+ 


7T~ 

K° 

2 


K~ 

K° 

“7! 77 


(B-5) 


where Pf = 7r + , Pf = K + and so on. For simplicity we identify the eighth component of 
the pseudoscalar octet rj(x) with the observed pseudoscalar meson ?/(550) [10] . 

For the practical application of the Lagrangian Eq. fjB-ll) to the calculation of the 
amplitudes of K~pp scattering there are useful the following expansions 


U\x)d,U(x) = +7 5 |fP,.M + +7 ! ^j 

l[[^W, PMl ^W], P M] + ■ ■ ■, 

2 • S 

in n in 

U{x)d tl U\x) = -7 5 tt P»{x) + 2 m[P(x),Pv(x)\ - 

F 7T 7T 

- 2 j^M], ^ W] +.... 


[[f’H.Wl.fW] 


[[pM,p„(i)],p(i)] 

(B-6) 


where a = l/\/2 and P,j{x) = d^P(x). For s M (a;) and p^x) we get the expansions 

[ p ( x )> P m 7)] - t[[ p ( x )’ P m(^)]> p 77 p (P>] + • • •, 

P,(x) = ^^P^ X ) +1 ^[[P( X ),P IX ( X )],P( X )} + ..., (B-7) 


Since for N c —> oo the PCAC constant P^- behaves as F n = 0(y/Nc ) [E, 15] (see also P9). 
such an expansion corresponds to the large Nq expansion in powers of 1/Nc [HI fl5l 25]. 

For the chiral Lagrangian of ttN interactions, invariant under chiral SU( 2) x SU( 2) 
symmetry, we obtain [21] [22 ] 

PnN(x) = - C ^-N( X )Yl b \TN( X ) ■ d^(x) 
r n Z 

- (x)^t N( X ) ■ (jr(x) x d„7r(x)) ..., (B-8) 
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where N(x) is the nucleon held. It is the column matrix with elements (p(x), n(x)), t are 
2x2 Pauli matrices and n(x) is the 7r-meson held. 

The chiral Lagrangian, applied to the calculation of the amplitudes of K~pp scattering, 


is 


C int (x) = C P bb(x) + Cppbb(x) = -g A ( 1 - a D )—tr{B(x)Yl 5 [P^(x), B(x)}} 


a ' r 5/ ~ a 


-g A &DY tr{B(x)^ 5 {P^(x), B(x)}} + — tr{B(x)iY[[P(x), P^x)], B(x)]} 


(B-9) 


In the component form the interactions, defining the amplitudes of K pp scattering in 
the tree-approximation, read 


CL 1 

Cpbb = - g A Y {P^l b ' n K + h7 M 7 5 pn~ + -J= (P7 M 7 5 P - 
+ -^= (3 - 4a D ) (p7 M 7 5 P + fi'f'y 5 n)rj li + -J= (3 - 2a D ) AV* 7 b pK~ 

__L (2a D - 1) Y?ri b pK~ - (2a D - 1) TT^nR- - (3 - 2a D ) A^nK* 

__L ( 2 a D - 1) E°7^ 7 5 niPj + (2a D - 1) E V7 5 pK° - (3 - 2a D ) pj^A 0 ^ 

+_L (2atD ~ 1) P7 m 7 5 £X! + (2 a D - 1) n^YTKi - -^= (3 - 2a D ) h 7 V A°Aj 
__L ( 2a D - 1) h 7 M 7 5 E°iPj + (2a D - l)p 7 ^ 7 5 E + iPj + V2 (1 - a D ) 

x [EV7 5 (S-< - S + 7r“) + E- 7 V(S 0 *; - S-yrJ) + E + 7 V(S + < - E°<)] 

+a D y|AV 7 5 (S°vrJ + E+vr; + E^) + a D y| (E°vrJ + E+vr+ + S^b^A 0 

+a D -\/|(E+ 7 /yE+ + E _ 7 m 7 5 E _ + E 0 7 ' i 7 5 E° - A^VA 0 )^ + ... (B-10) 


and 


£ 


PPPP — l 


2 FI 


|v / 2p7 /i n ( 7r ° 7r ^ — 7r+7r °) + V2nYp (A 7r° — ) + (jrf^p — nq^n) 


X (7T + 7T“ - 7T-7T+) + p 7 > 2 {K~K+ - A'+A;) + h 7 b (A^ A^ + - K + K~) 
+nY p(K-K« - K°K-) - AVp - *"<) + 5 (i;A; - K~ v „) 


-EV 


7 p 


5 (PA-; - A-7) + £ (»;A-- - A-,,) 


f 7 K — K 7T -1 

/l '■/i 71 [1 . 


(B-ll) 


The hrst three terms in Eq.(B.ll) reproduce the second term in the Lagrangian C k n 
Eq.(B.8). 
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In the non-linear realization of chiral symmetry with vector mesons the low-energy in¬ 
teractions, defining the Weinberg-Tomozawa terms, are obtained in the one-vector-meson 
exchange approximation [22] - The contribution of multiple-vector-meson exchanges are 
of higher order in the large Nc and chiral expansion. 


Appendix C: Mesonic propagators weighted with the 
wave function of 

For the calculation of the partial widths of the non-pionic decays 2 -.H —> NY of the KNC 
2 -.H, defined by the Feynman diagrams in Fig. 4, we have to average also the mesonic 
propagators with the wave function of the KNC 2 -.H: 


M 2 - Q 2 M 


d 3 Q d 3 q 
(2tt) 3 (2?r) 3 


(Q )Q > k~pp(q ) 

Tf e 2 ff + (Q + 2 Q— ko ) 2 


(C-l) 


where M is the mass of the meson K~, ir~ or 77 , k 0 is a relative momentum of the NY pair 
and M 2 S = M 2 — ( Eb — mv) 2 , where Eb is an energy of the daughter baryon. This is a 
hyperon for the K “-meson exchange and the nucleon for the 7T° and r] meson exchanges. 
The result of the integration can be represented in the following form 


M 2 — Q 2 


M 


Im{u) 

2 q 0 k 0 


d 3 Q . 

(2tt) 3 


(Q) 


d 3 q 

(2 tt) 


3 &K pp 


ppid ) • 


(C-2) 


The function /m(o;) is defined by the integral 

COO 

/mM = 2g 0 ^o 


dt 


0 i/l + + fjw\\/2)t (1 + (m N £l\\ + puj ± /2)t) 

, , ,0 fcn / t 2 1 

x exp <J - M 2 s t -^ f 7 — -—— : - 7^77 + 


3 VI + (mjv^n + fMd\\/2)t 1 + (mjv^n + nu>±/2)t 


,(C-3) 


where go = y/(l + 2\[2 )imj/ 2 = 219 MeV. 

For the 2 -.H —*• pA° decay the functions /m{u) are equal to: fx( oj) = 0.50, = 1.00 

and f v (ou) = 0.40. The numerical values are obtained for u = 64 MeV, ko = 470 MeV, 
m n = 135 MeV and rn v = 548 MeV. For the 2 -,H —> pY° and 2 -.H —> nY + decays with 
the relative momentum ko = 370 MeV of the NY, pair the functions /m(^) are equal to 
f K (u) = 0.52, f n (uj) = 1.12 and f v {uj) = 0.35. 
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